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Abstract 
 
Adipose tissue is central to metabolic homeostasis, signalling in part through the secretion of 
molecules termed adipokines.  Circadian rhythms play an important role in adipose 
physiology, with plasma adipokine concentration and ~20% of the murine adipose 
transcriptome undergoing24 h variation.  However, due to the heterogeneity of adipose tissue 
and rhythmical input from both neuronal and humoral signals, the cellular basis of adipose 
rhythms is unclear. We tested the hypothesis that adipocyte cells contain a circadian clock 
that drives rhythmic mRNA expression and adipokine secretion.   From the murine pre-
adipocyte 3T3-L1 cell line, we generated populations of both pre-adipocytes and 
differentiated adipocytes.  Cells were then treated with a 2 h serum pulse and sampled every 4 
h over a 48 h  period.  Expression of clock gene, ‘metabolic’ gene (PPARα, PPARγ, SREBP1) 
and adipokine mRNA was analyzed by quantitative real-time PCR, and secretion of the 
adipokines leptin and adiponectin was measured in culture medium from differentiated 
adipocytes. In pre-adipocytes, we observed robust rhythms of clock genes Per2, Rev-erbα, 
and Dbp, but not of Per1, Cry1, Bmal1, or any of the ‘metabolic’ genes.  Adipocytes 
produced similar temporal profiles of mRNA expression, albeit with a markedly reduced 
amplitude of Per2 and Dbp rhythms.  Despite no circadian rhythm of adipokine mRNA 
expression, leptin accumulation in the culture medium suggested circadian control of leptin 
secretion from adipocytes.  Adiponectin secretion showed temporal variation, but without any 
apparent circadian rhythmicity. Our data, therefore, suggest that an endogenous adipocyte 
clock controls the rhythmic expression of only a subset of genes that are reported to exhibit 24 
h rhythmicity in murine adipose tissue.  Moreover, secretion of leptin may also be regulated 
by the adipocyte clock. (Author correspondence: j.johnston@surrey.ac.uk). 
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Introduction 
Circadian clocks are present in multiple tissues throughout the body (Dardente & 
Cermakian, 2007).  Moreover, many aspects of metabolic physiology are under circadian 
control (Bray & Young, 2007; Hastings et al., 2007; Zvonic et al., 2007; Green et al., 2008).  
Analysis of transgenic mouse models has recently provided compelling molecular links 
between components of the circadian clock and metabolism.  Although the resulting 
phenotype appears partially dependent on genetic background, mutation of clock-related 
genes results in metabolic dysregulation (Turek et al., 2005; Oishi et al., 2006; Green et al., 
2007; Kennaway et al., 2007).  Similar genetic links have been found in humans, with clock 
gene polymorphisms being associated with obesity, metabolic syndrome, type 2 diabetes 
mellitus and circadian rhythm sleep disorders (Woon et al., 2007; Monteleone et al., 2008; 
Scott et al., 2008; Sookoian et al., 2008; Pereira et al. 2005; Lee et al., 2007; Pedrazzoli et al., 
2007). 
 
White adipose tissue (WAT) is a key metabolic structure.  In addition to storing 
energy as triglycerides, WAT has endocrine activity and regulates many distal tissues.  
Among the molecules secreted by WAT is a group of metabolically active hormones, called 
the adipokines (Trujillo & Scherer, 2006).  Within WAT, rhythmic gene expression is 
widespread, with approximately 20% of the murine WAT transcriptome exhibiting 24 h 
variation (Ptitsyn et al., 2006; Zvonic et al., 2006).  Furthermore, circadian regulation of 
endocrine activity is likely to be an important output of this tissue.  24 h variation of 
adipokine concentration has been reported in blood (Sinha et al., 1996; Kalsbeek et al., 2001; 
Gavrila et al., 2003); this rhythmicity may have a transcriptional basis, as adipokine mRNA is 
subject to 24 h variation in murine WAT (Ando et al., 2005). 
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However, rhythmicity in adipocyte cells, per se, is poorly understood.  WAT contains many 
cell types, including adipocytes, pre-adipocytes, fibroblasts, macrophages, and vascular 
endothelial cells that may contribute to the reported rhythms of gene expression in murine 
WAT (Balsalobre et al., 1998; Hayashi et al., 2007; Takeda et al., 2007; Wu et al., 2007).  
Moreover, WAT, like other peripheral tissues, receives many rhythmic humoral and neuronal 
inputs (Balsalobre et al., 2000; Bartness et al., 2001; Pevet et al., 2006), which can directly 
regulate clock gene expression (Balsalobre et al., 2000; Johnston et al., 2006; Kornmann et 
al., 2007; Reddy et al., 2007; Wagner et al., 2007).  This rhythmical input may be driven both 
by endogenous circadian timing and also from masking effects of the light-dark cycle in 
which animals were kept in previous studies.  Here, we have used an in vitro approach to 
study rhythmicity in murine pre-adipocyte and adipocyte cells. 
 
Materials and Methods 
All experimental procedures conformed to published ethical standards (Portaluppi et 
al, 2008). 
 
Cell culture 
3T3-L1 pre-adipocytes (ATCC, LGC Standards, Teddington, Middlesex, UK) were cultured 
in growth medium [DMEM (Invitrogen Ltd, Paisley, UK) supplemented with 10% foetal 
bovine serum (Invitrogen), antibiotic/antimycotic (Invitrogen), and sodium pyruvate (Sigma-
Aldrich Co Ltd, Poole, Dorset, UK)]. Two days post-confluence (day 0), differentiation was 
induced by adding 0.5mM IBMX (Sigma-Aldrich), 1μM dexamethasone (Sigma-Aldrich) and 
10μg/ml insulin (Invitrogen).  After 48 h, medium was exchanged for growth medium 
containing 10μg/ml insulin.  48 h later, this was exchanged for normal growth medium, which 
was replaced every two days thereafter.  To characterize differentiation, RNA was extracted 
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using TRIzol (Invitrogen) for semi-quantitative reverse transcriptase PCR, and triglyceride 
analyses were carried out on days 0, 2, 4, 6, 8, and 10. 3T3-L1 pre-adipocytes (two days post-
confluence) and differentiated adipocytes (day 8 post-differentiation induction) were pulsed 
with 50% horse serum (Invitrogen) in DMEM for 2 h, as described previously (Balsalobre et 
al., 1998).  Medium was then replaced with serum-free DMEM for the remainder of the 
experiment.  Every 4 h from initiation of the serum pulse (0 h), RNA was extracted for real-
time quantitative PCR, and medium was collected for analysis of adipokine secretion. 
 
Oil red O stain 
Cells were washed with 10% formalin in 1xPBS and then incubated in fresh formalin 
solution for 1 h at room temperature.  Cells were washed twice with 60% ethanol, twice with 
distilled water, and incubated in 0.18% oil red O solution (Sigma-Aldrich) for 10 min.  Cells 
were washed three times with distilled water, and then photographed. 
 
Quantitative triglyceride analysis 
Cells were rinsed twice with 1xPBS, scraped into 0.1M SDS solution in 1xPBS and 
lysed by vortex mixing and sonication.  Triglyceride was measured using an Alfa 
Wassermann one-step triglyceride assay (Randox Laboratories Ltd, Crumlin, County Antrim, 
UK) adapted for 96-well plates.  Intra-assay coefficient of variance was 3.8%. 
 
Reverse transcriptase PCR 
Total RNA was reverse transcribed using random primers and M-MLV Reverse 
Transcriptase (Promega Corporation, Southampton, UK).  cDNA was then used for semi-
quantitative reverse-transcriptase PCR using GoTaq Green Master Mix (Promega) according 
to the manufacturer’s instructions.  Primers are shown in Table 1. 
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 Quantitative real-time PCR (qPCR) 
cDNA was synthesized as described above.  cDNA was then used for qPCR using 
ABsolute™ QPCR ROX Mix (Abgene, Epsom, UK).  Primer-probe sets are shown in Table 
2.  Standard curves (R2 > 0.99) were generated using murine genomic DNA (Promega). 
 
Adipokine assays 
Adipokine concentration was measured using Quantikine ELISA kits (R&D Systems 
Europe Ltd, Abingdon, UK).  Intra-assay coefficient of variance was 2.2% and 6.5% for 
leptin and adiponectin assays, respectively. 
 
Statistics 
Quantitative data represent the mean ±SEM of n=3 groups of cells from a 
representative experiment.  Serum pulse experiments were repeated two (pre-adipocyte) or 
three (adipocyte) times, with similar data obtained from each replicate experiment.  
Triglyceride accumulation and qPCR data were analyzed by one-way or two-way ANOVA , 
with Least Square Difference post-hoc test, as appropriate.  Rate of adipokine secretion was 
measured by testing the departure of hormone accumulation from linearity, using a runs test.  
Significant difference was defined as p < 0.05. 
 
Results 
Differentiation of 3T3-L1 cells 
Lipid droplets were first observed four days after onset of differentiation and, by day 
8, many cells had large unilocular droplets (Figure 1A).  Quantitative analysis revealed 
triglyceride elevation above undifferentiated cells by day 4, followed by rapid accumulation 
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thereafter (Figure 1B).  PPARγ mRNA was detectable in undifferentiated cells, but was 
elevated from day 2 through to day 10.  In contrast, expression of Glut-4 and Leptin was only 
detected after two and four days of differentiation, respectively (Figure 1C). 
 
 
Clock gene expression in pre-adipocytes and adipocytes 
Following a serum pulse, significant (p<0.001, one-way ANOVA) temporal variation 
of mRNA expression was observed in pre-adipocytes for all genes examined except Per1 
(p>0.05, one-way ANOVA).  For Per2 and Dbp a rapid (within 4 h) effect was followed by a 
peak around 24 h post-pulse and an additional elevation in gene expression 24 h later.  Rev-
erbα exhibited two peaks, approximately 20 and 44 h post-pulse.  By contrast, Cry1 and 
Bmal1 expression was acutely stimulated by the serum pulse, but then showed no clear 
circadian variation (Figure 2 left). 
 
Treatment of differentiated adipocytes with a serum pulse induced significant 
(p<0.001, one-way ANOVA) variation in expression of all clock genes (Figure 2 right).  As in 
pre-adipocytes, expression of Per1, Cry1, and Bmal1 in serum pulsed adipocytes did not 
appear to exhibit circadian rhythms.  Temporal variation of Per2, Dbp, and Rev-erbα 
expression was similar to that previously observed in the pre-adipocytes.  However, for all 
three genes there were significant effects of both time and cell type (p<0.001, two-way 
ANOVA) around the main peak, as measured between 16 and 32 h post-pulse.  There was 
also a significant (p<0.001) interaction between time and cell type for Per2 and Dbp.  
Subsequent post-hoc analysis revealed that, although there was no effect of cell type on gene 
expression at 16 h post-pulse, Per2 and Dbp expression was significantly elevated in pre-
 7
adipocytes over the next three to four time points, indicating that the amplitude of Per2 and 
Dbp rhythms in differentiated adipocytes was greatly attenuated (Figure 3). 
 
Metabolic gene expression in 3T3-L1 pre-adipocytes and adipocytes 
Following a serum pulse, both pre-adipocytes and adipocytes exhibited significant 
(p<0.05) temporal variation in SREBP1, PPARα, and PPARγ mRNA expression.  In pre-
adipocytes, SREBP1 and PPARγ expression gradually decreased following the pulse, whereas 
PPARα exhibited an acute, transient suppression (Figure 4 left).  In adipocytes, expression of 
SREBP1 and PPARα gradually increased, with expression of PPARα decreasing again by 44 h 
post-pulse, but remaining constant in SREBP1 (Figure 4 right).  However, none of the genes 
showed circadian variation of expression in either cell type. 
 
Adipokine mRNA expression and secretion from differentiated adipocytes 
Following a serum pulse, leptin and adiponectin concentration increased in the culture 
medium in a non-linear fashion (p<0.05; Figure 5A).  The rate of secretion was estimated by 
plotting the difference in mean concentration between adjacent time points (Figure 5B).  
Leptin secretion was low between 8-12 h post-pulse and then appeared to exhibit circadian 
rhythmicity, with a second nadir 24 h later (Figure 5B).  We were unable to detect circadian 
changes in adiponectin secretion. Expression of Leptin (Figue 5C left) and Adiponectin 
(Figure 5C right) mRNA exhibited significant temporal variation (p<0.001) following a serum 
pulse.  However, neither showed evidence of circadian rhythmicity. 
 
Discussion 
In order to directly address adipocyte rhythmicity, we studied the well-characterized 
3T3-L1 cell model.  Although these cells are known to express clock genes (Shimba et al., 
 8
2005; Wang & Lazar, 2008), there are no available quantitative data describing temporal 
changes in their physiology.  Consistent with the recent finding of circadian rhythms in 
human adipose-derived stem cells (Wu et al., 2007; Huang et al., 2009), we observed 
circadian variation of Per2, Dbp, and Rev-erbα expression in both pre-adipocytes and 
differentiated adipocytes.  However, we surprisingly failed to observe circadian rhythmicity 
of Per1, Cry1, Bmal1, PPARα, PPARγ, SREBP1, Leptin, and Adiponectin mRNA, which are 
all rhythmic in murine WAT (Ando et al., 2005; Ptitsyn et al., 2006; Yang et al., 2006; Zvonic 
et al., 2006).  Our data, therefore, suggest that some of the reported rhythmicity in murine 
WAT may derive from non-adipocyte cell types and/or rhythmical input signal(s). 
 
Following the original description of circadian rhythms in a serum pulsed cell line, it 
was suggested that the effect of the pulse was either to initiate circadian rhythms in individual 
cells or synchronize a population of cells, each of which contains a pre-existing intracellular 
clock (Balsalobre et al., 1998).  Elegant single cell imaging studies later provided strong 
experimental support for the second of these possibilities (Nagoshi et al., 2004; Welsh et al., 
2004).  The fact that we observed rhythms of Rev-erbα, Per2, and Dbp in this study 
demonstrates that the serum pulse employed was successful in synchronizing our cell 
population.  The lack of rhythmicity of other genes was thus unexpected.  Although very low-
amplitude rhythms of these genes may exist, our data suggest that an adipocyte clock is 
insufficient to drive rhythmic expression of these mRNAs in 3T3-L1 cells.  Future work will 
investigate the molecular basis of this surprising finding. 
 
The amplitude of Per2 and Dbp rhythms in adipocyte cells was clearly less than that 
of the equivalent pre-adipocytes.  As circadian clocks reside within individual cells (Welsh et 
al., 1995; Nagoshi et al,. 2004; Welsh et al., 2004), the dampened rhythms observed in our 
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experiments may conceivably be due to attenuated intra-cellular rhythm amplitude or a 
decreased ability of the serum pulse to synchronize the cell population.  Although we cannot 
yet rule out poorer inter-cellular synchronizsation behind the reduced rhythmicity in the 3T3-
L1 adipocytes, attenuated amplitude of the rhythmicity in adipose tissue from obese mice 
(Ando et al., 2005; Kohsaka et al., 2007) is consistent with a possible inhibition of the 
molecular clock mechanism by intra-cellular triglyceride accumulation. 
 
In addition to control of mRNA expression, our data indicate that adipocyte clocks 
may drive circadian secretion of leptin, but not adiponectin.  Although the reduction of leptin 
secretion between 8 and 12 h post-pulse coincides with reduced mRNA expression, later 
temporal fluctuations of leptin secretion do not parallel mRNA levels.  This finding is 
consistent with a previous observation that hepatic protein rhythms do not necessarily reflect 
temporal mRNA expression in the same tissue (Reddy et al., 2006).  24 h rhythms of plasma 
leptin and adiponectin have previously been reported in humans and rodents by some 
investigators (Sinha et al., 1996; Kalsbeek et al., 2001; Gavrila et al., 2003).  However, this is 
the first indication of an adipocyte-based mechanism driving rhythmic plasma leptin 
concentration, as opposed to other possible contributory factors, such as changes in hormone 
clearance or secretory control by input pathway(s).  Based on our data, such mechanisms may 
contribute towards the 24 h variation of plasma adiponectin concentrations that have been 
reported in vivo.  Future analysis of rhythmic adipokine secretion from adipocyte cultures will 
need to consider hormone half life.  Previous studies of plasma and intracellular hormone 
dynamics have estimated half-lives of approximately 30 min for leptin (Klein et al., 1996; 
Harris et al., 1997) and 3 h for adiponectin (Hoffstedt et al., 2004; Clasen et al., 2005), but 
their half-life in culture medium is unclear. 
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Although this study increases current knowledge of the interaction between circadian 
clocks and adipocyte biology, there are a number of ways in which the work could be usefully 
extended.  Despite the 3T3-L1 cell line being frequently used as a model for adipocyte 
physiology, it is quite possible that there are differences in circadian biology between these 
cells and primary mouse adipocytes.  Thus, we have employed some caution when comparing 
our data with published data describing murine WAT gene expression.  It would also be 
beneficial to lengthen the time course of the study in order to allow more detailed analysis of 
the nature of adipocyte rhythmicity, including calculation of rhythm period and phase.  One 
way of achieving this aim would be to employ real-time reporter imaging technology.  Indeed, 
real-time analysis of Bmal1, Per1, and Cry1 promoter activity in living cells may reveal 
circadian changes of gene expression that were not detected using our standard serum pulse 
protocol. 
 
In summary, this study provides evidence for an endogenous adipocyte clock that 
controls rhythmic expression of a subset of genes found to be rhythmic in WAT.  The 
adipocyte clock may also regulate endocrine activity.  These data, therefore, strengthen the 
view that circadian rhythms have functional relevance to adipose biology, lipid metabolism, 
and related pathophysiology. 
Acknowledgements 
We acknowledge M Raven and Drs J Lodge, K Plant and A Thumser for assistance during 
optimisation of the techniques used in this work.  We also thank Dr A Kierzek for statistical 
advice.  This work was funded by a BBSRC Doctoral Training Grant (BB/D526853/1). 
 11
References 
 
Ando H, Yanagihara H, Hayashi Y, Obi Y, Tsuruoka S, Takamura T, Kaneko S, Fujimura A. 
(2005). Rhythmic messenger ribonucleic acid expression of clock genes and adipocytokines 
in mouse visceral adipose tissue. Endocrinology 146:5631-5636. 
 
Balsalobre A, Damiola F, Schibler U. (1998). A serum shock induces circadian gene 
expression in mammalian tissue culture cells. Cell 93:929-937. 
 
Balsalobre A, Brown SA, Marcacci L, Tronche F, Kellendonk C, Reichardt HM, Schütz G, 
Schibler U. (2000). Resetting of circadian time in peripheral tissues by glucocorticoid 
signalling. Science 289:2344-2347. 
 
Bartness TJ, Song CK, Demas GE. (2001). SCN efferents to peripheral tissues: implications 
for biological rhythms. J. Biol. Rhythms 16:196-204. 
 
Bray MS, Young ME. (2006). Circadian rhythms in the development of obesity: potential role 
for the circadian clock within the adipocyte. Obesity Rev. 8:169-181. 
 
Clasen R, Schupp M, Foryst-Ludwig A, Sprang C, Clemenz M, Krikov M, Thöne-Reineke C, 
Unger T, Kintscher U. (2005). PPARgamma-activating angiotensin type-1 receptor blockers 
induce adiponectin. Hypertension 46:137-143. 
 
Dardente H, Cermakian N. (2007). Molecular circadian rhythms in central and peripheral 
clocks in mammals. Chronobiol. Int. 24:195-213. 
 12
 Gavrila A, Peng CK, Chan JL, Mietus JE, Goldberger AL, Mantzoros CS. (2003). Diurnal 
and ultradian dynamics of serum adiponectin in healthy men: comparison with leptin, 
circulating soluble leptin receptor, and cortisol patterns. J. Clin. Endocrinol. Metab. 88:2838-
2843. 
 
Green CB, Douris N, Kojima S, Strayer CA, Fogerty J, Lourim D, Keller SR, Besharse JC. 
(2007). Loss of Nocturnin, a circadian deadenylase, confers resistance to hepatic steatosis and 
diet-induced obesity. Proc. Natl. Acad. Sci. USA 104:9888-9893. 
 
Green CB, Takahashi JS, Bass J. (2008). The meter of metabolism. Cell 134:728-742. 
 
Harris RB, Zhou J, Weigle DS, Kuijper JL. (1997). Recombinant leptin exchanges between 
parabiosed mice but does not reach equilibrium. Am. J. Physiol. 272:R1800-R1808. 
 
Hastings M, O'Neill JS, Maywood ES. (2007). Circadian clocks: regulators of endocrine and 
metabolic rhythms. J. Endocrinol. 195:187-198. 
 
Hayashi M, Shimba S, Tezuka M. (2007). Characterization of the molecular clock in mouse 
peritoneal macrophages. Biol Pharm Bull. 30:621-626. 
 
Hoffstedt J, Arvidsson E, Sjölin E, Wåhlén K, Arner P. (2004). Adipose tissue adiponectin 
production and adiponectin serum concentration in human obesity and insulin resistance. J 
Clin. Endocrinol. Metab. 89:1391-1396. 
 
 13
Huang TS, Grodeland G, Sleire L, Wang MY, Kvalheim G, Laerum OD. (2009). Induction of 
circadian rhythm in cultured human mesenchymal stem cells by serum shock and cAMP 
analogs in vitro. Chronobiol. Int. 26:242-257. 
 
Johnston JD, Tournier BB, Andersson H, Masson-Pévet M, Lincoln GA, Hazlerigg DG. 
(2006). Multiple effects of melatonin on rhythmic clock gene expression in the mammalian 
pars tuberalis. Endocrinology 147:959-965. 
 
Kalsbeek A, Fliers E, Romijn JA, La Fleur SE, Wortel J, Bakker O, Endert E, Buijs RM. 
(2001). The suprachiasmatic nucleus generates the diurnal changes in plasma leptin levels. 
Endocrinology 142:2677-2685. 
 
Kennaway DJ, Owens JA, Voultsios A, Boden MJ, Varcoe TJ. (2007).  Metabolic 
homeostasis in mice with disrupted Clock gene expression in peripheral tissues. Am. J. 
Physiol. Regul. Integr. Comp. Physiol. 293:R1528-R1537. 
 
Klein S, Coppack SW, Mohamed-Ali V, Landt M. (1996). Adipose tissue leptin production 
and plasma leptin kinetics in humans. Diabetes 45:984-987. 
 
Kohsaka A, Laposky AD, Ramsey KM, Estrada C, Joshu C, Kobayashi Y, Turek FW, Bass J. 
(2007). High-fat diet disrupts behavioral and molecular circadian rhythms in mice. Cell 
Metab. 6:414-421. 
 
 14
Kornmann B, Schaad O, Bujard H, Takahashi JS, Schibler U. (2007). System-driven and 
oscillator-dependent circadian transcription in mice with a conditionally active liver clock. 
PLoS Biology 5:e34. 
 
Lee HG, Paik JW, Kang SG, Lim SW, Kim L. (2007). Allelic variants interaction of CLOCK 
gene and G-protein beta3 subunit gene with diurnal preference. Chronobiol. Int. 24: 589-597.  
 
Monteleone P, Tortorella A, Docimo L, Maldonato MN, Canestrelli B, De Luca L, Maj M. 
(2008). Investigation of 3111T/C polymorphism of the CLOCK gene in obese individuals 
with or without binge eating disorder: association with higher body mass index. Neurosci. 
Lett. 435:30-33. 
 
Nagoshi E, Saini C, Bauer C, Laroche T, Naef F, Schibler U. (2004). Circadian gene 
expression in individual fibroblasts: cell-autonomous and self-sustained oscillators pass time 
to daughter cells. Cell 119:693-705. 
 
Oishi K, Atsumi G, Sugiyama S, Kodomari I, Kasamatsu M, Machida K, Ishida N. (2006). 
Disrupted fat absorption attenuates obesity induced by a high-fat diet in Clock mutant mice. 
FEBS Lett. 580:127-130. 
 
Pedrazzoli M, Louzada FM, Pereira DS, Benedito-Silva AA, Lopez AR, Martynhak BJ, 
Korczak AL, Koike Bdel V, Barbosa AA, D'Almeida V, Tufik S. (2007). Clock 
polymorphisms and circadian rhythms phenotypes in a sample of the Brazilian population. 
Chronobiol. Int. 24: 1-8.  
  
 15
Pereira DS, Tufik S, Louzada FM, Benedito-Silva AA, Lopez AR, Lemos NA, 
Korczak AL, D'Almeida V, Pedrazzoli M. (2005). Association of the length 
polymorphism in the human Per3 gene with the delayed sleep-phase syndrome: 
does latitude have an influence upon it? Sleep 28:29-32. 
Pévet P, Agez L, Bothorel B, Saboureau M, Gauer F, Laurent V, Masson-Pévet M. (2006). 
Melatonin in the multi-oscillatory mammalian circadian world. Chronobiol. Int. 23:39-51. 
 
Portaluppi F, Touitou Y, Smolensky MH. (2008). Ethical and methodological standards for 
laboratory and medical biological rhythm research.  Chronobiol. Int. 25:999-1016. 
 
Ptitsyn AA, Zvonic S, Conrad SA, Scott LK, Mynatt RL, Gimble JM. (2006). Circadian 
clocks are resounding in peripheral tissues. PLoS Comput. Biol. 2:e16. 
 
Reddy AB, Karp NA, Maywood ES, Sage EA, Deery M, O'Neill JS, Wong GK, Chesham J, 
Odell M, Lilley KS, Kyriacou CP, Hastings MH. (2006). Circadian orchestration of the 
hepatic proteome.  Curr. Biol. 16:1107-1115. 
 
Reddy AB, Maywood ES, Karp NA, King VM, Inoue Y, Gonzalez FJ, Lilley KS, Kyriacou 
CP, Hastings MH. (2007). Glucocorticoid signaling synchronizes the liver circadian 
transcriptome. Hepatology 45:1478-1488. 
 
Scott EM, Carter AM, Grant PJ. (2008). Association between polymorphisms in the Clock 
gene, obesity and the metabolic syndrome in man. Int. J. Obes. 32:658-662. 
 
 16
Shimba S, Ishii N, Ohta Y, Ohno T, Watabe Y, Hayashi M, Wada T, Aoyagi T, Tezuka M. 
(2005). Brain and muscle Arnt-like protein-1 (BMAL1), a component of the molecular clock, 
regulates adipogenesis. Proc. Natl. Acad. Sci. USA 102:12071-12076. 
 
Sinha MK, Ohannesian JP, Heiman ML, Kriauciunas A, Stephens TW, Magosin S, Marco C, 
Caro JF. (1996). Nocturnal rise of leptin in lean, obese, and non-insulin-dependent diabetes 
mellitus subjects. J. Clin. Invest. 97:1344-1347. 
 
Sookoian S, Gemma C, Gianotti TF, Burgueño A, Castaño G, Pirola CJ. (2008). Genetic 
variants of Clock transcription factor are associated with individual susceptibility to obesity. 
Am. J. Clin. Nutr. 87:1606-1615. 
 
Takeda N, Maemura K, Horie S, Oishi K, Imai Y, Harada T, Saito T, Shiga T, Amiya E, 
Manabe I, Ishida N, Nagai R. (2007). Thrombomodulin is a clock-controlled gene in vascular 
endothelial cells. J. Biol. Chem. 282:32561-32567. 
 
Trujillo ME, Scherer PE. (2006). Adipose tissue-derived factors: impact on health and 
disease. Endocrine Rev. 27:762-778. 
 
Turek FW, Joshu C, Kohsaka A, Lin E, Ivanova G, McDearmon E, Laposky A, Losee-Olson 
S, Easton A, Jensen DR, Eckel RH, Takahashi JS, Bass J. (2005). Obesity and metabolic 
syndrome in circadian Clock mutant mice. Science 308:1043-1045. 
 
 17
Wagner GC, Johnston JD, Tournier BB, Ebling FJ, Hazlerigg DG. (2007). Melatonin induces 
gene-specific effects on rhythmic mRNA expression in the pars tuberalis of the Siberian 
hamster (Phodopus sungorus). Eur. J. Neurosci. 25:485-490. 
 
Wang J, Lazar MA. (2008). Bifunctional role of Rev-erbalpha in adipocyte differentiation. 
Mol. Cell. Biol. 28:2213-2220. 
 
Welsh DK, Logothetis DE, Meister M. Reppert SM. (1995). Individual neurons dissociated 
from rat suprachiasmatic nucleus express independently phased circadian firing rhythms. 
Neuron 14:697-706. 
 
Welsh DK, Yoo SH, Liu AC, Takahashi JS, Kay SA. (2004). Bioluminescence imaging of 
individual fibroblasts reveals persistent, independently phased circadian rhythms of clock 
gene expression.  Curr. Biol. 14:2289-2295. 
 
Woon PY, Kaisaki PJ, Bragança J, Bihoreau MT, Levy JC, Farrall M, Gauguier D. (2007). 
Aryl hydrocarbon receptor nuclear translocator-like (BMAL1) is associated with 
susceptibility to hypertension and type 2 diabetes. Proc. Natl. Acad. Sci. USA 104:14412-
14417. 
 
Wu X, Zvonic S, Floyd ZE, Kilroy G, Goh BC, Hernandez TL, Eckel RH, Mynatt RL, 
Gimble JM. (2007) Induction of circadian gene expression in human subcutaneous adipose-
derived stem cells. Obesity 15:2560-2570. 
 
 18
Yang X, Downes M, Yu RT, Bookout AL, He W, Straume M, Mangelsdorf DJ, Evans RM. 
(2006). Nuclear receptor expression links the circadian clock to metabolism. Cell 126:801-
810. 
 
Zvonic S, Ptitsyn AA, Conrad SA, Scott LK, Floyd ZE, Kilroy G, Wu X, Goh BC, Mynatt 
RL, Gimble JM. (2006). Characterization of peripheral circadian clocks in adipose tissues. 
Diabetes 55:962-970. 
 
Zvonic S, Floyd ZE, Mynatt RL, Gimble JM. (2007). Circadian rhythms and the regulation of 
metabolic tissue function and energy homeostasis. Obesity 15:539-543. 
 19
 Figure Legends 
 
Figure 1.  Differentiation of 3T3-L1 cells.  Pre-adipocytes were differentiated into adipocytes 
as described in Materials and Methods.  At two-day intervals, cells were analyzed by (A) Oil 
Red O histological stain, (B) triglyceride quantification, (C) gene expression by reverse 
transcriptase PCR. (B) Data show mean ±SEM of n=3 groups of cells/time point. 
 
Figure 2.  Temporal profiles of clock gene expression in pre-adipocytes and adipocytes 
following a serum pulse.  Cells were treated with a serum pulse and gene expression was 
measured by qPCR.  Data show mean ±SEM of n=3 groups of cells/time point. 
 
Figure 3.  Differential amplitude of Per2 and Dbp expression in pre-adipocytes and 
adipocytes.  Cells were treated with a serum pulse and gene expression was measured by 
qPCR.  Data represent mean ±SEM for n=3 groups of pre-adipocyte (black bars) and 
adipocyte (white bars) cells between 16-32 h post-pulse.  ** p<0.01, *** p<0.001 pre-
adipocyte vs adipocyte gene expression at a given time point. 
 
Figure 4.  Temporal profiles of metabolic gene expression in pre-adipocytes and adipocytes 
following a serum pulse.  Cells were treated with a serum pulse and gene expression was 
measured by qPCR.  Data show mean ±SEM of n=3 groups of cells/time point. 
 
Figure 5.  Temporal expression and secretion of leptin and adiponectin following a serum 
pulse of differentiated adipocytes.  Adipokine concentration was measured in culture medium 
by ELISA and gene expression measured by qPCR.  (A) Concentration of leptin and 
adiponectin in culture medium following the serum pulse (mean ±SEM of n=3 groups of 
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cells/time point).  Dashed lines show the linear regression for the data.  (B) Rate of secretion, 
estimated by plotting the difference in mean adipokine concentration between consecutive 
time points from (A).  (C) Adipokine gene expression measured by qPCR (mean ±SEM of 
n=3 groups of cells/time point). 
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